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Introduction
With the emergence of small-sized satellites (under 500 kg), space has
become accessible to a greater number of technical institutions due to their
reduced cost and complexity. In this context, R.V. College of Engineering,
Bengaluru has initiated a student nanosatellite project called RVSAT-1. RVSAT1 which is a 2U nanosatellite aims to conduct a micro-biological experiment to
analyze the growth of a micro-organism in space environment. For a small
satellite, the demand for more power with lower mass and volume is continuously
increasing. A satellite orbiting earth passes through a shadow region where the
solar arrays are deprived of solar illumination. Depending upon the type of orbit,
the time duration in shadow region varies. This time duration is called eclipse
time and the shadow region is called eclipse region. In eclipse region, the satellite
uses secondary power source (usually batteries) to power the various subsystems
in the satellite. Thus, computation of eclipse time becomes very important for
sizing of batteries and to maintain constant heat balance within the satellite.
MATLAB framework was used to perform the orbital calculations and to obtain
more apt and reliable results.
Assumptions
The computation of eclipse time was carried out assuming that the planet
is spherical in shape. A planet’s shadow consists of two distinct conical
projections: The Umbra and the Penumbra as shown in Figure 1. However, the
umbral region has been treated as cylindrical projection of Earth (for simpler
calculations). The assumptions are fairly accurate for low altitude circular orbits
but may lead to significant errors for high altitude or highly elliptical orbits.

Figure 1. Earth’s shadow showing umbra and penumbra region Shadow Analysis
Methodology.
The eclipse duration is mainly the function of altitude, size of earth and
the orbital beta angle. Whilst assuming spherical shape of the planet, the effects of
non-spherical shape are accounted for only in the sense that they perturb the orbit.
The following method uses JPL DE405 Ephemeris data to compute the eclipse
duration. The seasonal variation due to solar motion and perturbations of the orbit,
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both leads to the variation of 𝛽 angle, thus considering both the above parameters
is essential.
The Beta-Angle Calculation
The orbital beta angle (β) is defined as the angle between the solar vector
and its projection onto the orbital plane. To calculate the beta angle, it is
necessary to determine the angle between the unit solar vector (𝑠̂ ) and the unit
vector normal to the orbital plane (𝑛̂). Figure 2 shows the beta angle (𝛽) and the
angle between solar vector and normal vector, which is given by:
π

Φ=2+ β

(1)

Figure 2. Orbital beta angle.
̂)
It is possible to get the unit solar vector (𝒔̂) and unit normal vector (𝒏
using two Euler angle transformations each, the sequence of the transformations is
described below:
In the celestial inertial co-ordinate system, solar vector (𝑠̂ ) points towards
the sun is governed by two parameters: Right Ascension of Sun (𝛤) and
Declination of Sun (ε). Similarly, we define a vector 𝑛̂, as the vector pointing
normal to the orbital plane and is governed by two parameters: Orbital inclination
(i) and Right Ascension of Ascending Node (Ω).
For the solar vector (𝑠⃗), from the Figure 3,
1.
2.

A rotation of the unit vector of declination of the sun (ε) about the x-axis.
A rotation of right ascension of the sun (𝜞) about the new z-axis.
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Figure 3. Euler angle transformation for solar vector.
Mathematically,
1
0
0
𝑐𝑜𝑠𝛤
𝑠̂ = [0 𝑐𝑜𝑠𝜀 −𝑠𝑖𝑛𝜀 ] [ 𝑠𝑖𝑛𝛤
0 𝑠𝑖𝑛𝜀
𝑐𝑜𝑠𝜀
0
𝑐𝑜𝑠𝛤
𝑠̂ = [ 𝑐𝑜𝑠𝜀. 𝑠𝑖𝑛𝛤 ]
𝑠𝑖𝑛𝜀. 𝑠𝑖𝑛𝛤

−𝑠𝑖𝑛𝛤
𝑐𝑜𝑠𝛤
0

0 1
0] {0}
1 0

(2)
(3)

Similarly, for normal vector (n̂), from the Figure 4,
1. A rotation of the unit vector of the Right ascension of ascending node (Ω)
about the z-axis.
2. A rotation of inclination (𝑖) about the new z-axis.

Figure 4. Euler angle transformation for normal vector.
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Mathematically,
𝑐𝑜𝑠𝛺
𝑛̂ = [ 𝑠𝑖𝑛𝛺
0

−𝑠𝑖𝑛𝛺
𝑐𝑜𝑠𝛺
0

1
0
0
0 ] [ 0 𝑐𝑜𝑠𝑖
1
0 𝑠𝑖𝑛𝑖

0
0
−𝑠𝑖𝑛𝑖 ] { 0 }
𝑐𝑜𝑠𝑖
1

(4)

𝑠𝑖𝑛𝑖. 𝑠𝑖𝑛𝛺
𝑛̂ = [−𝑠𝑖𝑛𝑖. 𝑐𝑜𝑠𝛺 ]
𝑐𝑜𝑠𝑖

(5)

We also observe that, cos 𝜙 = (𝑠̂ ) ⋅ (𝑛̂)

(6)

The expression for beta angle (β) is given by:
𝛽 = 𝑠𝑖𝑛−1 ( cos 𝛤 sin 𝛺 sin 𝑖 − sin 𝛤 cos 𝜀 cos 𝛺 sin 𝑖 + sin 𝛤 sin 𝜀 cos 𝑖 ) (7)
Variation of Beta Angle
For any satellite, 𝛽 will vary continuously with time because of the orbital
perturbation and seasonal variation of solar declination (𝜀) and Right Ascension
of Sun (𝛤). The orbital perturbation due to the planet’s oblateness is accounted
for, by calculating the rate of change of RAAN (𝛺̇ ) which is expressed as follows:
3
𝑅
𝛺̇ = − 2 𝐽2 𝑣 ( (𝑅 +ℎ) 𝑒(1−ⅇ2) ) cos 𝑖
𝑒
Where 𝛺̇ is expressed in degrees/day and 𝑣 is the Mean motion which is
expressed as:
𝐺𝑀

(8)

(9)

𝑣 = √( 𝑅

3
𝑒 +ℎ)

As viewed from the sun, an orbit with 𝛽 equal to 00 has the longest eclipse
time because of shadowing by the full diameter of Earth. As 𝛽 increases the
satellite is sun facing for a larger percentage of each orbit, thus decreasing in
eclipse duration. With 𝛽 equal to 900 , no eclipses exist at any altitude. The
absolute value of beta varies as |𝛽| ≤ (𝑖 + 23.45).
Eclipse-Time Calculation
The eclipse duration is determined by multiplying eclipse fraction (𝑓𝑒 )
with total time period. The eclipse fraction (𝑓𝑒 ) is calculated as follows:
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√ℎ2 +2 Rⅇ ℎ

1

𝑓𝑒 = {

𝑐𝑜𝑠 −1 [ (Rⅇ +ℎ) cos 𝛽 ]
1800

i𝑓 |𝛽| < 𝛽 ∗

(10)

i𝑓 |𝛽| ≥ 𝛽 ∗

0
(Rⅇ +ℎ)3

Total Time-Period (𝑇) = 2𝜋√

𝐺𝑀

(11)
(12)

Eclipse Time (𝑇e) = 𝑇 ∙ 𝑓𝑒
R

e
β∗ = sin−1 (Rⅇ +h
)

(13)

Where, 𝛽 ∗ is the angle at which the eclipse begins.
Discussion and Results
In this section simulation results have been presented which was computed
using MATLAB framework. The results include variation of eclipse duration and
𝛽 angle as a function of altitude and inclination.
From the Figure 5 it is evident that for LEO as the altitude increases the
eclipse fraction decreases. The decrease in eclipse time allows for higher power
generation by solar array itself and this reduces the reliance on batteries as
secondary power source. In addition, Figures 6 – 10 depict the variation of eclipse
time (in minutes) at inclination of 00 , 300 , 750 , 900 and 1200 respectively. For
LEO the maximum eclipse duration remains close to 35 minutes. Moreover, for
lower inclination orbits the average eclipse time over the year is very high but as
the inclination increases the average eclipse duration over the year decreases.
Thus, as shown in figure 11 orbits with 900 < i < 1200 have minimum average
eclipse duration over the year than compared to orbits with lower inclination.
Also, as shown in figure 12-14 with the increase in inclination the range of 𝛽
angle increases. So, increasing beta angle results in increased solar illumination
thus decreasing the eclipse duration. However, for a particular inclination the
range of 𝛽 angle remains constant at any altitude. The change in beta angle
directly affects the thermal conditions of the satellite. The increase in 𝛽 angle
increases the heat loads on the satellite. Based on variation of heat loads the
thermal components are used to maintain the optimum heat balance within the
satellite.
Conclusions
In this paper, a method to compute the eclipse time using MATLAB
framework has been developed. The β angle and eclipse fraction were computed
through Euler transformations and mathematical equations respectively. From the
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obtained results it was evident that orbits with 900 < i < 1200 have the minimum
average eclipse duration. Having lesser eclipse duration gives an advantage of
having a battery with lesser specific energy thus reducing mass and cost. Also, by
knowing the eclipse time, the satellite can be designed to withstand the varying
thermal loads, thus maintaining optimum thermal conditions required for the
satellite. From the calculations it was evident that for Low-Earth circular orbits,
penumbral duration is very less compared to the umbral duration. However, for
high altitude or highly elliptical orbits the penumbral region can’t be ignored.
Also, further research can be done to compute eclipse time for elliptical orbits. In
future, we intend to design and develop complete payload configuration for
RVSAT-1.
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Appendix

Figure 5. Variation of eclipse fraction as a function of altitude.

Figure 6. Variation of eclipse time at i = 00 .
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Figure 7. Variation of eclipse time at i = 300 .

Figure 8. Variation of eclipse Time at i = 750 .
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Figure 9. Variation of Eclipse Time at i = 900 .

Figure 10. Variation of eclipse time at i = 1200 .
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Figure 11. Variation of eclipse fraction at different inclination.

Figure 12. Variation of beta angle at i = 00 .
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Figure 13. Variation of beta angle at i = 450 .

Figure 14. Variation of beta angle at i = 900 .
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General Terms
β - Orbital Beta angle
𝑠̂ - Unit solar vector
𝑛̂ - Unit normal vector
Φ - Angle between the unit solar vector (𝑠̂ ) and the unit normal vector (𝑛̂).
𝛤 - Right Ascension of Sun
ε - Declination of Sun
i - Orbital inclination
Ω - Right Ascension of Ascending Node
e - Eccentricity
𝐽2 - Oblateness perturbation coefficient of earth = 0.00108263.
𝑓𝑒 - Eclipse fraction
𝑇 - Orbital Time Period
𝑇e - Eclipse Time
𝐺 - Universal Gravitational Constant
𝑀 - Mass of Earth
ℎ - Altitude of satellite
𝑅𝑒 - Equatorial Radius of Earth
𝑣 - Mean Motion of satellite
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